Molecular machines operated by light have been recently shown to be able to produce oriented motion at the molecular scale 1,2 as well as do macroscopic work when embedded in supramolecular structures [3] [4] [5] . However, any supramolecular movement irremediably ceases as soon as the concentration of the interconverting molecular motors or switches reaches a photo-stationary state 6, 7 . To circumvent this limitation, researchers have typically relied on establishing oscillating illumination conditions-either by modulating the source intensity 8,9 or by using bespoke illumination arrangements 10-13 . In contrast, here we report a supramolecular system in which the emergence of oscillating patterns is encoded at the molecular level. Our system comprises chiral liquid crystal structures that revolve continuously when illuminated, under the action of embedded light-driven molecular motors. The rotation at the supramolecular level is sustained by the diffusion of the motors away from a localized illumination area. Above a critical irradiation power, we observe a spontaneous symmetry breaking that dictates the directionality of the supramolecular rotation. The interplay between the twist of the supramolecular structure and the diffusion 14 of the chiral molecular motors creates continuous, regular and unidirectional rotation of the liquid crystal structure under non-equilibrium conditions.
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shown to be able to produce oriented motion at the molecular scale 1,2 as well as do macroscopic work when embedded in supramolecular structures [3] [4] [5] . However, any supramolecular movement irremediably ceases as soon as the concentration of the interconverting molecular motors or switches reaches a photo-stationary state 6, 7 . To circumvent this limitation, researchers have typically relied on establishing oscillating illumination conditions-either by modulating the source intensity 8, 9 or by using bespoke illumination arrangements [10] [11] [12] [13] . In contrast, here we report a supramolecular system in which the emergence of oscillating patterns is encoded at the molecular level. Our system comprises chiral liquid crystal structures that revolve continuously when illuminated, under the action of embedded light-driven molecular motors. The rotation at the supramolecular level is sustained by the diffusion of the motors away from a localized illumination area. Above a critical irradiation power, we observe a spontaneous symmetry breaking that dictates the directionality of the supramolecular rotation. The interplay between the twist of the supramolecular structure and the diffusion 14 of the chiral molecular motors creates continuous, regular and unidirectional rotation of the liquid crystal structure under non-equilibrium conditions.
We use overcrowded alkenes Ph-m or Me-m as molecular motors (Fig. 1a) . Upon illumination, m transforms into its unstable isomer m*, while the reverse transformation m* → m occurs at room temperature spontaneously. Once these molecular motors are incorporated in an achiral liquid crystal, amplification of chirality yields a photo-responsive cholesteric liquid crystal. This helix-based liquid crystal is further confined between two glass slides, each of them promoting perpendicular orientation of the liquid crystal molecules. When the gap L of the cell is typically smaller than the helical pitch p of the cholesteric liquid crystal (the distance over which the average molecular orientation of the liquid crystal rotates by 2π , and whose sign defines the handedness of the cholesteric helix), the helix is supressed 15 . This geometrical frustration can be released when energy kicks in locally, by the use of either electric fields 16 or laser beams 17 and yields a variety of complex twisted topological structures 18 that are all characterized by a constant cholesteric pitch. Here, the geometrical frustration is released by winding the helix mechanically (by the twisting action of the molecular motor) in a system where m is combined with a shape-persistent chiral co-dopant ( Supplementary Fig. 1 ). Co-doping is necessary because most photo-responsive chiral dopants induce helical unwinding under illumination, and here releasing geometrical frustration requires photo-induced winding. By adjusting the relative proportions of motor and shape-persistent co-dopant, as well as their concentrations, we have prepared cholesteric liquid crystals that display opposite helical handedness at full photo-conversion-for example, provided that the illumination is sufficiently strong (Supplementary Table 1 ). The initial helical pitch p 0 first increases under illumination, and while the motor continues to photo-convert, the cholesteric helix reverses its handedness and starts winding continuously in the opposite direction (Fig. 1a) , until it reaches its saturated photostationary value p ∞ . We use steady irradiation conditions provided by a focused laser beam at wavelength λ = 375 nm (Fig. 1b) , and observe the system under crossed linear polarizers ( Supplementary  Fig. 2 ). In practice, the emergence of any three-dimensional liquid crystal structure is thus assessed by a two-dimensional pattern. In our earlier work, we have shown that the mechanical winding provided by the motors can generate several types of twisted structures, above a minimal power P min
19
. Here we report on out-of-equilibrium dynamics that occur via a structural transition, when the illumination power is used as a control parameter.
At power values ~. P 1 25 min we can stabilize a twisted liquid crystal structure associated to an axially symmetric and chiral pattern, and that can be either right-handed or left-handed (Fig. 1c,d ). Increasing the irradiation power further and up to ~P 2 min , we unveil a breaking in axial symmetry that defines a structural transition: the axial symmetry of the chiral pattern is broken and yields another, much larger chiral pattern that exhibits a kink (Fig. 1e,f) , and the handedness of which is pre-determined by the handedness of the axisymmetric pattern (Fig. 1c,d) . Strikingly, the emergence of this new pattern is accompanied by its continuous, regular, and unidirectional rotation, in a direction that is pre-determined by its handedness (Supplementary Videos 1,2 and Fig. 2a-c) . The fact that the diameter of the beam is three to five times smaller than the diameter of the pattern is a clear manifestation that m* diffuses away from the illuminated zone. When the light is turned off, the pattern fades away.
Constant and stable rotation is sustained under steady illumination conditions-up to forty hours of continuous rotation have been observed for both directions of rotation, without any signs of fatigue. Plotting the correlation coefficient between an image observed at any time t and a reference image, quantifies the similarity between two images over time (Fig. 2d) . The corresponding Fourier spectrum provides a quantitative analysis for the rotation rate (Fig. 2e) , and highlights that the revolving elastic excitation is 
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NATure NANOTecHNOlOgy robust in its operation. Finally, the emergence of rotation is only marginally influenced by ageing, as demonstrated by two rotating structures observed more than three years apart (Supplementary Videos 1,3). Moreover, this rotation does not depend on the polarization of the laser light, and has been observed with both linearly and circularly polarized light.
We have investigated how the rotation rate depends on the use of a given enantiomer of either Ph-m or Me-m. We conclude that there is a general character to the rotation, as seen in Fig. 3a , where the period of rotation T 0 correlates with the diameter d of any revolving pattern (experimentally, a range of different diameters can be accessed by using different irradiation powers). Specifically, the results evidence an exponential dependence of the rotation period with the diameter of the chiral pattern that is valid for both motors and independently of the direction of rotation. Remarkably, this trend is not compatible with a quadratic law ~∕
that can be inferred from a dimensional analysis neglecting the ordered nature of the liquid crystal. This exponential dependence thus suggests that, in addition to diffusion, another parameter plays a key role in establishing the rotation, and this is the long-range orientational order that is characteristic for liquid crystals. Further, the rotation rate is influenced by the bulkiness of the substituents at the stereogenic centre; specifically, it has been shown that an increase of steric hindrance speeds up the rotary motion of the molecular motor 20 . As Me-m* relaxes faster than Ph-m*, the former motor displays a tendency to generate smaller chiral patterns (squares) than the latter (circles), and smaller diameters are associated with faster pattern rotation. Both enantiomers can lead to clockwise and counter-clockwise rotation, which means that the direction of rotation cannot be predicted by choosing one enantiomer over the other, but is instead pre-programmed at the supramolecular level, as illustrated in Fig. 1c-f . Two enantiomers induce the same rotation rates.
The diameter of the chiral pattern d depends on the incident reduced power P (Fig. 3b) . A simple reaction-diffusion model allows one to perform a quantitative analysis of this dependence (see Methods). As frustration is released when the pitch magnitude | | p is below the critical value p c , in a simple picture this qualitatively means that in the areas where the pattern is formed, | | < p p c . We can thus estimate the diameter of the structure from the condition
, and further show that the diameters of the patterns . This range of values is in good agreement with literature values 21 and thus confirms that diffusion is key in the emergence of these structures.
We also demonstrate that the occurrence of helix inversion plays a key role in preserving the integrity of the light-fuelled rotor. For a cholesteric liquid crystal with a composition that does not allow helix inversion, the axisymmetric structure is destabilized into the outward growth of fingerprints, and the transition to a rotational regime does not occur (Fig. 4a,b and Supplementary Videos 4,5). Moreover, the diameter of the structure in the case of helix inversion is larger than without, which further indicates that helix inversion promotes radial confinement of the liquid crystal reorientation, as supported by our model (Fig. 4c) . Indeed, the latter predicts a much steeper pitch increase along the radial coordinate in helix-inverting cholesteric helices, a feature which is associated with a larger elastic energy barrier, and thus makes it difficult for the chiral pattern to grow. This underpins the role of elastic chiral gradients in the emergence of rotation.
The work produced by the revolving structure can be harnessed into the rotation of a particle-like liquid crystal structure, which behaves like an independent object, of diameter ~30 µ m (Fig. 5 and Supplementar y Video 6). Its trapping results from the complex elastic landscape that emerges as a response to the inhomogeneous liquid crystal orientation. In contrast to what was observed in other systems 6 , the rotation speed of the cargo particle equals that of the revolving chiral pattern, the latter being only marginally influenced by the presence of the cargo. 
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Our experimental findings support a physico-chemical mechanistic understanding of the rotation. Localized illumination of nanomotor-doped liquid crystal in confinement generates toroidlike structures. As long as the axisymmetry of the supramolecular structure is preserved (Fig. 1c,d ), the diffusion of chiral motors along gradients of concentrations remains invariant per rotation, and thus it never yields any rotation even when m and m* have different diffusion rates. In contrast, once axial symmetry is broken (Fig. 1e,f) , the twist of the medium, and thus the propagation rate of the motors, become angle-dependent. This angular dependence impacts the twist gradients, as a result of the long-range orientational order characterizing liquid crystals, in which a local change of twist also affects neighbouring molecules. The new angular dependence also redefines the angular redistribution of the diffusing motors. This leads to the orthoradial propagation of the non-local excitation, which we detect experimentally as a rotating spiral-shaped pattern. In addition, it is the chiral nature of the non-axisymmetric supramolecular structure that provides the directional character to the liquid crystal reorganization.
Given a physico-chemical perturbation on the spatial scale ℓ, we note that the characteristic elastic relaxation time τ γ
(where γ is the rotational viscosity and K is the typical elastic constant of the liquid crystal, with γ∕K equal to a few 10 10 sm
) and the characteristic diffusion time τ = ∕ ℓ D
diff 0 2 are of the same order of magnitude, which suggests that a feedback mechanism is established, without time delay.
Overall, we propose that the emergence of rotation is based on a non-local feedback loop that involves the local concentrations of m and m*, and their spatial gradients, as well as twist gradients that occur across the liquid crystal structure. Indeed, the diffusion of a chiral species is influenced by the chirality of the liquid crystal in which they diffuse, and vice versa 22, 23 . Therefore, while the spatial distribution of the molecular motors defines the distribution of the pitch, in return, the elastic relaxation and the differential diffusion rates of m and m* define a new chiral landscape (this interplay is illustrated in Supplementary Scheme 1) .
Chirality is thus key to the emergence of rotation, and appears to be a universal design principle 24 , as observed in the directional reorientation of passive liquid crystalline media employing unidirectional transfer of optical angular momentum carried by chiral light to achiral liquid crystals 25, 26 or unidirectional Marangoni flows driven by absorption of light in chiral liquid crystals 27 . However, the latter systems lack any active molecular component, and therefore they also involve light intensity levels that are at least five orders of magnitude higher than the ~50 mW cm −2 here, which is compatible with sunlight illumination. Another classic example of macroscopic dynamics in chiral liquid crystals is the so-called Lehmann rotation, where chiral liquid crystals are driven by a gradient of temperature along the helical axis 28 , and which remains an intriguing phenomenon to date 29 . The same mechanism yields molecular precession of a chiral liquid-crystalline monolayer spread on a glycerol surface; however, this precession remains short-lived 30 . By engineering reaction-diffusion processes in a medium characterized by long-range orientational order and taking advantage of large chiral gradients, we demonstrate the emergence of revolving structures, in a phenomenon that appears as a supramolecular and chiral counterpart of the Belousov-Zhabotinsky reaction. These chiral supramolecular structures maintain non-equilibrium conditions at length scales which are typically 10,000 times larger than their individual components. These results contribute to developing autonomous molecular systems that are capable of transforming light into work continuously.
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